DpnI can cleave fully methylated parental DNA while leaving hemi-methylated DNA intact. Based on this observation, we developed a rapid site-directed mutagenesis method using uracil-containing, double-stranded (ds)DNA templates and DpnI digestion. A 38% mutation efficiency was achieved by DpnI treatment of the mutagenic strand-extension reaction, and it increased to 70%-91% when uracilcontaining dsDNA templates were used. This method compares favorably to the most efficient current methods, but is simpler and does not require the use of single-stranded templates or phage vectors.
INTRODUCTION
Oligonucleotide-based, site-directed mutagenesis of cloned DNA has become a fundamental tool of modern molecular biology, used to introduce insertions, deletions and substitutions into DNA. Current techniques available for performing in vitro mutagenesis fall into three categories: ( i ) Use of singlestranded (ss)DNA as template (2, 20) , including methods to reduce the background of parental DNA, including in vivo incorporation of uracil in the parental strand followed by DNA repair (9, 10) and other methods (17, 18) . ( ii ) Use of double-stranded (ds)DNA as template. The widely used unique site elimination (USE) method (1) allows introduction of specific mutations into a target sequence cloned into a dsDNA plasmid with a unique restriction site. ( iii ) Polymerase chain reaction (PCR)based methods, in which site-specific mutants are created by introducing mismatches into oligonucleotides used to prime in vitro amplification (4-7).
Although each of the above mutagenesis methods has proven successful in some cases, certain limitations remain for each: ( i ) A phagemid or phage vector must be used to produce a ssDNA template, and large inserts are unstable. In some cases, no suitable restriction sites are available for subcloning. ( ii ) The USE approach requires a second mutagenic oligonucleotide to eliminate the unique restriction site. ( iii ) PCRbased mutagenesis suffers from the low fidelity of TaqDNA polymerase and the minor expense of multiple primers.
We have overcome each of these limitations by combining a uracil-containing plasmid template and DpnI digestion. DpnI (target sequence 5 ′ -Gm6ATC) is specific for methylated DNA (12, 15) and is used to digest parental DNA, thus selecting for the mutation-containing newly synthesized DNA (13) . The technique uses only a single oligonucleotide, no subcloning is required, and the use of N -glycosylase to cleave uracil-containing DNA results in mutagenesis frequencies as high as 91%.
MATERIALS AND METHODS

Model System
pUC19M (Transformer ™ Site-Di -rected Mutagenesis Kit; CLONTECH Laboratories, Palo Alto, CA, USA) contains a mutation that interrupts the coding sequence of the lac Z gene by converting the UGG tryptophan codon to the amber stop codon UAG. It thus forms white colonies on LB agar plates containing 5-bromo-4-chloro-3-indolyl-β -D -galactopyranoside (X-gal) and isopropyl β -D -thiogalactopyranoside (IPTG). When transformed into a LacZ bacterial host such as BMH 71-18 muts or DH5 α , site-directed mutagenesis (primer sequence 5 ′ -GAG TGC ACC ATG GGC GGT GTG AAA T-3 ′ ) can revert the stop codon in the lac Z gene and results in the production of blue colonies on X-gal/IPTG plates. The efficiency of mutagenesis was determined by counting the number of blue vs. white colonies on X-gal/IPTG plates.
Uracil-Containing Plasmid Preparation and Mutagenic Strand Extension
pUC19M was transformed into Escherichia coliCJ236 dutungcells (Bio-Rad, Hercules, CA, USA) to produce uracil-containing dsDNA. One microgram of the mutagenesis primer was phosphorylated using T 4 polynucleotide kinase (New England BioLabs, Beverly, MA, USA) and ATP. Approxi -
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mately 50 pM of phosphorylated mutagenesis primer was annealed to 100 ng uracil-containing template.
Alkali was used to fully denature the 14-kb pUC119/34TF10 plasmid (16) . Mutagenesis was then performed as described above. After strand extension, DpnI (New England BioLabs) was added to the reaction at a concentration of 5-10 U/ µ g template and incubated at 37°C for 1 h; one -third of the reaction was used to transform 200 µ L of competent cells (14) , and the number of blue and white colonies was counted.
DNA Sequencing
Sequencing was performed with the Thermocycler Sequencing Kit, and products were analyzed on an Applied Biosystems Automated DNA Sequencer (both from PE Biosystems, Foster City, CA, USA). Figure 1 presents a schematic overview of the mutagenesis protocol. The target plasmid was propagated in E. coli CJ 236 (9) to produce DNA containing an occasional uracil in place of a thymine and to achieve N6 methylation of adenine in the recognition sequence GATC. The plasmid was denatured and annealed with a mutagenic primer and extended by T 4 DNA polymerase. Two populations of dsDNA were thus produced: (i)the parental DNA, which can be recognized and cleaved by DpnI, and (ii) hemi-methylated DNA, with one strand derived from the parental plasmid and the other a newly-synthesized strand. Transformation of ung + E. coliwill result in propagation of only plasmids with the newly-synthesized strand, since the parental uracil-containing strand will be inactivated by uracil N -glycosylase.
RESULTS
Mutagenesis Strategy
Newly-Synthesized Strands Remain Intact After DpnI Digestion
The feasibility of using the Kunkel selection method (9) and DpnI digestion were tested by comparing the transformation efficiency of: ( i ) uracil-contain -ing plasmids purified from E. coli strain CJ236 vs. the transformation efficiency of DNA purified from ung + cells; ( ii ) both kinds of plasmids with and without DpnI digestion; and ( iii ) methylated vs. hemi-methylated templates produced by mutagenic extension.
Uracil-containing plasmids were transformed into ung + cells, which results in degradation of the DNA strands containing uracil. The data in Table 1 show that ung + E. coli strains were transformed 1000 × more efficiently with thymine-containing DNA (T-DNA) than with uracil-containing DNA (U-DNA). In contrast, T-DNA and U-DNA transformed the ung -CJ236 cells at nearly the same efficiency. DpnI digestion dramatically lowered the transformation efficiency of T-DNA or U-DNA, whereas hemi-methylated DNA was resistant to digestion with DpnI, and transformation efficiency was significantly higher. Table 2 presents results obtained when plasmid pUC19M was subjected to oligonucleotide-directed mutagenesis using the method described above. Two control experiments were performed to verify the feasibility of this system. First, U-DNA without mutagenesis steps only produced white colonies. Second, that blue colonies were the consequence of mutagenesis was verified by randomly picking five colonies and sequencing. Without DpnI digestion, mutagenesis efficiency using T-DNA or U-DNA was unacceptably low. With DpnI digestion, high mutagenesis efficiency was achieved. Even using T-DNA plus DpnI digestion, mutagenesis efficiency reached 38%. Both BMH71-18 and MV1190 E. coli strains were tested and had similar high efficiency. To determine whether DpnI indeed fails to digest hemi-methylated DNA, several buffer conditions were evaluated. In a buffer previously reported to render hemi-methylated DNA that was totally resistant to the digestion of DpnI (13), both high tranformation and high mutation efficiency were obtained. However, the buffer recommended by the enzyme product literature (New England BioLabs) produced a low mutagenesis efficiency due to incomplete digestion of the plasmid (data not shown).
Mutagenesis Efficiency in a Model System
Mutagenesis of Other Plasmids
In addition to high efficiencies, a major advantage of this technique is the lack of special sequence requirements, such as restriction sites in the proximity of the mutation. Thus, any cloned DNA under investigation can be mutagenized without subcloning. To illustrate its utility, this protocol was used to produce mutations in other plasmids (Table 3) . A high level of efficiency (>85%) was observed using plasmids in the 2.5-3 kb size range, whereas a slightly lower efficiency was observed using 8-14-kb templates.
DISCUSSION
The main problem associated with the performance of site-directed mutagenesis using dsDNA templates is the persistence of parental DNA. The USE method (1) Table 2) . Their high mutation efficiencies might be explained by an excess of PCR-amplified molecules, with most of the hemimethylated DNA remaining intact. After DpnI digestion, half of the transformants should still correspond to parental DNA. To raise the mutation efficiency, we adapted the Kunkel selection method to allow cloning of larger fragments (without the use of a f1 phage or phagemid) and without subcloning. With a single-stranded template, efficiencies in the 90% range can be obtained; however, the use of double-stranded U-DNA as template re -sults in a high background of wild-type sequences (8) and mutation frequencies of only 30%-40%. In our protocol, introduction of DpnI digestion decreased background dramatically, and a high mutation efficiency was achieved without the physical strand separation required in the Jung et al. protocol (8) .
The method described here has the following advantages: ( i ) double-stranded plasmid templates can be used with no need for subcloning; ( ii ) only one mutagenesis oligonucleotide is required; and (iii ) there are no special sequence requirements such as restriction sites in the proximity of the mutation. The additional procedural step required in our protocol is to pass the plasmid through a dutunghost plus DpnI digestion before cell transformation. This simple oligonucleotide-directed mutagenesis protocol should be widely useful.
INTRODUCTION
Fluorescence resonance energy transfer (FRET) is widely used in studies of biomolecular structure and dynamics. When the two fluorophores with their emission and excitation spectra overlapping are within or near Förster distance R 0 , the energy used to excite the donor fluorophore is non-radiationally transferred to the acceptor fluorophore (8, 17) . In addition, FRET can be applied to the detection of intermolecular interaction. If one molecule is labeled with the donor fluorophore and the other is labeled with the acceptor, the extent of FRET gives a good measure of the fraction of the interacting molecules. Because of its homogeneous nature, the detection of FRET is quick and easy to perform. Due to these merits, a number of applications of FRET to homogeneous immunoassays have been attempted (1, 5, 6, 16, 18) . However, because of the large dimension of the antibodies, it is difficult to perform a sandwich-type noncompetitive assay with two labeled antibodies, even with the use of fluorochrome pairs with large R 0 , which are often expensive and not commercially available (6, 9) . Due to this limitation, in most cases both the antigen and the antibody should be fluorolabeled to detect antigen-antibody interaction, which means that the assay is competitive and requires careful tuning of reaction condition and special techniques such as lifetime measurement to achieve reasonable sensitivity (18).
Based on the phenomenon that the interaction between isolated heavy chain ( V H ) and light chain ( V L ) fragments of an anti-hen egg lysozyme (HEL) antibody HyHEL-10 is remarkably strengthened by the addition of antigen (15), we have recently developed a novel immunoassay that measures the reassociation of isolated V H and V L fragments due to coexisting antigen (open sandwich enzyme-linked immunosorbent assay [ELISA]) (10, 14) . It is widely accepted that many antibody Fvs have limited stability in the absence of antigen. The interaction between isolated V H and V L is rather weak, and in the absence of the constant domains, they tend to dissociate at low concentrations (3). On the other hand, some unstable Fv fragments are known to be markedly stabilized by the addition of the antigen (3,4,15 ).
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